Genome-wide expression analysis of an industrial strain of Saccharomyces cerevisiae during the initial stages of an industrial lager fermentation identified a strong response from genes involved in the biosynthesis of ergosterol and oxidative stress protection. The induction of the ERG genes was confirmed by Northern analysis and was found to be complemented by a rapid accumulation of ergosterol over the initial 6-h fermentation period. From a test of the metabolic activity of deletion mutants in the ergosterol biosynthesis pathway, it was found that ergosterol is an important factor in restoring the fermentative capacity of the cell after storage. Additionally, similar ERG10 and TRR1 gene expression patterns over the initial 24-h fermentation period highlighted a possible interaction between ergosterol biosynthesis and the oxidative stress response. Further analysis showed that erg mutants producing altered sterols were highly sensitive to oxidative stress-generating compounds. Here we show that genome-wide expression analysis can be used in the commercial environment and was successful in identifying environmental conditions that are important in industrial yeast fermentation.
Yeast are subjected to many types of stress and metabolic challenges throughout industrial fermentation processes. These range from the physical (pressure and shearing) to the chemical, such as osmotic shock, oxidative stress, and secondary metabolite toxicity (3) . Yeast fermentation is an ancient process, and years of exposure to these conditions have resulted in industrial yeast strains that have evolved mechanisms to adapt to them. However, with the advent of new processes that increase yields or are more cost-effective, different and increased demands have been placed on the yeast. This can lead to conditions that overwhelm yeast defenses, causing defective fermentations with poor sugar utilization, reduced ethanol production, and the synthesis of poor flavor qualities (21, 38, 55) . Increased stress has also been found to have an impact on the activity and longevity properties of the yeast and therefore affect their performance in subsequent fermentations (30, 47, 53) .
To better understand the determinants of defective brews, research is often carried out by changing single parameters in model systems that can be reliably reproduced. This process has been very successful in determining the molecular mechanisms involved in protection against individual stresses. However, industrial fermentations are dynamic in nature, with multiple stresses or biological changes interacting simultaneously to cause the physiological traits of the yeast or fermentation parameters. Thus, studying the effect of individual stresses on yeast does not give the full picture of the important environmental parameters in fermentation.
Yeast can rapidly adjust its genomic expression program to ultimately produce proteins that can detect and respond to biological challenges (29) . In the majority of cases, gene expression levels reflect protein production and activity that have been elicited to cope with changing environmental conditions. Gene expression changes of heat shock protein and osmotic stress-response genes have been used to monitor microvinification processes for stress conditions (2, 46) . The sequencing of the yeast genome and analytical techniques enabling the quantification of expression levels of a large number of individual genes have facilitated a major step forward in the ability to identify genes that have altered gene expression patterns in response to changing environmental conditions (8, 23) . This genome-wide expression technology was applied to the study of the response of an industrial yeast strain during an industrial fermentation process. Genes were identified as induced in the initial stages of a lager fermentation that gave insights into the conditions that were affecting the yeast and therefore important to the fermentation process.
full-scale 500,000-liter industrial lager fermentation at Carlton and United Breweries, Ltd., Kent Brewery, Sydney, Australia. Cells were isolated at the start of the filling stage (0 min), 1 h, and every 3 h until 24 h.
BY4743 and deletion mutants were grown on YPD-based medium (0.5% yeast extract, 1% peptone, 2% glucose) for 3 days and then harvested and stored at 4°C for 2 days. The extended incubation period was carried out to mimic the industrial fermentation conditions and to deplete cells of ergosterol (54) . The cultured cells were washed for 2 h at 4°C in sterile deionized distilled water acidified to pH 2.2 with 3 M phosphoric acid (14) . These cells were pitched into 1 liter of wort (12% sugar concentration) in 2-liter Schott bottles at a concentration of 0.3 g (wet weight) per 100 ml. Gas production was monitored by placing 2-ml aliquots into the Multi Fermentation Screening System as previously described (6, 20) . The gas production was defined as pressure sensor voltage values. The results shown are average values from triplicate assays of duplicate experiments with standard errors of Ͻ15%.
Total RNA preparation and synthesis of cDNA. Total RNA for Northern hybridization and cDNA synthesis was isolated from yeast cells by using TRIZOL reagent according to the manufacturer's instructions (Life Technologies). [ 33 P]dCTP-labeled cDNA was synthesized by combining 3 g of total RNA and 2 g of oligo(dT) (10-to 20-mer mixture; Research Genetics) in a final volume of 10 l, heated for 10 min at 70°C, and chilled on ice. The elongation reaction mixture consisted of first-strand buffer (Life Technologies); dithiothreitol (3.3 mM); dATP, dGTP, and dTTP (1 mM each); Superscript II reverse transcriptase (300 U; Life Technologies); and [ 33 P]dCTP (100 Ci, 3,000 Ci/mmol; ICN Radiochemicals). The reaction was incubated at 37°C for 90 min before purification through a Bio-Spin 6 chromatography column (Bio-Rad).
GeneFilters hybridization. GeneFilters (Research Genetics) were prehybridized for 4 h in 5 ml of MicroHyb hybridization solution [5 g of poly(dA);
Research Genetics] at 42°C in a Hybaid roller oven. The purified cDNA probe was denatured for 5 min in a boiling water bath, added to prehybridization mixture, and hybridized at 42°C for 16 h. The filters were washed according to the manufacturer's recommendations, and to ensure they remained moist to facilitate stripping between hybridizations, they were placed on 3M filter paper, soaked with sterile distilled water, and wrapped in plastic cling wrap. A digital image was obtained after 48 h of exposure on a PhosphorImager (Molecular Dynamics). Before the next hybridization, the filters were submerged in 0.5% sodium dodecyl sulfate previously heated to 100°C and left at room temperature for 1 h with gentle agitation. Stripping efficiency was determined to reduce original signals by more than 95%.
Data analysis. Preliminary quantification of spot intensities was carried out by using the grid system and volume integration in the ImageQuaNT v4.2a software package, since conversion of digital images to TIFF and analysis using the Pathways software has been reported to greatly underestimate actual differences (48) . Gene expression changes were confirmed with a repeat set of filters, and in cases in which expression values were unreliably small or changes were only evident in one set of filters, the changes were discarded. To determine the degree of induction of gene expression, spot intensities were normalized against ACT1 for each filter, and the relative mRNA level at 1 h into fermentation was divided by values after 23 h. The averages of the fold changes are listed in Table 1 for the genes whose mRNA level at 1 h was induced at least threefold in both sets of filters. The original image files were inspected individually for false positives arising due to nonspecific radiation binding or the spreading of radioactive probe into neighboring gene spots from highly expressed genes.
The web-based cluster interpreter FunSpec (49) was used for the statistical evaluation of the induced set of genes with respect to existing annotated databases containing information on the functional roles and biochemical properties of gene products. The data set in Table 1 was queried against the Munich Information Center for Protein Sequences (MIPS) (36) and Gene Ontology (GO) (23a) compiled knowledge databases (last downloaded June 2002) online at http://funspec.med.utoronto.ca. The Bonferroni correction was applied to compensate for multiple testing over many categories of the databases (49) . A P value cutoff of 0.01 was used to determine clusters that were enriched using the "guilt-by-association" predictive methodologies.
Northern hybridization. Aliquots (10 g) of total RNA were separated by electrophoresis on a 1% agarose-formaldehyde gel, transferred to Hybond-N nylon membrane (Amersham Life Science), and hybridized with 32 P-labeled DNA-specific probes. DNA fragments were generated by PCR from yeast chromosomal DNA of genes ERG3 (ERG3F, 5Ј-TCGTTGGCAGCTAATATTCC; and ERG3B, 5Ј-GATGGATTGCAAAAACCCGT), TRR1 (TRR1F, 5Ј-TATT TGGCCAGGGCAGAAAT; and TRR1B, 5Ј-TTTACCATCCCCCTTAGCTT), ERG10 (ERG10F, 5Ј-TTGGTTCATTCCAGGGTTCT; and ERG10B, 5Ј-TT GGAAAACAGTCCTTGCAG), and ACT1 (ACT1F and ACT1B, both 5Ј-). Probes were labeled with the Megaprime DNA labeling system (Amersham Pharmacia Biotech). Images of probe bands were obtained on a PhosphorImager (Molecular Dynamics) and analyzed with ImageQuaNT v4.2a software.
Ergosterol assays. Ergosterol was extracted, fractionated, and quantified by high-performance liquid chromatography (HPLC) as outlined by Böcking et al. (7) . Total lipids from yeast cells (2.0 to 2.5 g wet weight) were extracted with chloroform-methanol as described by Parks et al. (44) and redissolved in chloroform. Dry weight was calculated by measuring weight before and after heating of cells (4.5 to 5.0 g wet weight) to 80°C overnight. The extracted total lipids were applied to a Sep-Pak Plus silica cartridge (Waters) and conditioned with hexaneethyl acetate, and the fraction containing the ergosterol was eluted with acetone. Ergosterol was identified and quantified by comparison to an internal standard (ergosterol; Sigma) during reversed-phase HPLC with a Hewlett-Packard series 1100 HPLC system. Quantification of ergosterol by peak area was carried out at a UV absorption of 282 nm. Values are means Ϯ standard deviations (SD) for three injections of duplicate samples for each time point.
RESULTS
Genome-wide expression analysis. To determine whether data generated from genome-wide expression analysis during industrial processes could identify meaningful transcription profiles, acid-washed industrial yeast were pitched into commercially prepared wort, and total RNA samples were isolated from cells harvested at 1 h and 23 h into the fermentation. Research Genetics Yeast GeneFilters were hybridized with radiolabeled cDNA probes produced from the total RNA. Each hybridization was carried out in duplicate, and the [␣-
33 P]dCTP signal intensities ranged from background (5 to 400 dpm) to levels of approximately 30,000 dpm. The mRNA level of over 100 genes was at least threefold higher in the first hour of fermentation compared to that of the 23rd h when fermentation was under way. They were grouped into functional categories (Table 1) according to the biological roles assigned by the Yeast Protein Database (26) . The genes were involved in many cellular processes, ranging from lipid, fatty acid, and sterol metabolism to amino acid metabolism, cell stress, RNA, and protein modification (Table 1) . A statistical evaluation of this set of genes with respect to their functional roles was carried out by using the FunSpec web-based clustering tool (49) . The up-regulated genes were submitted to the MIPS and GO yeast databases on the FunSpec web site. The categories that were statistically most unlikely to occur by chance were those involved with sterol biosynthesis and metabolism and redox homeostasis from the GO yeast databases and the category "cell rescue, defense, and virulence" from the MIPS databases (Table 2) .
Ergosterol biosynthesis induction during the initial stages of fermentation. Ergosterol is an essential lipid component of yeast membranes, and its biosynthesis involves over 20 reactions (16) . IDI1 and eight ERG genes were included in the overrepresented sterol categories (Table 2 ). ERG10 and ERG13 catalyze the initial steps of sterol biosynthesis converting two acetyl coenzyme A (acetyl-CoA) molecules to hydroxymethylglutaryl-CoA (31, 52) . Subsequently, isopentenyl pyrophosphate isomerase (IDI1 , Table 1 ) produces the dimethylallyl pyrophosphate needed for the formation of farnesyl pyrophosphate, the ultimate fate of the mevalonate pathway (1) . The conversion of farnesyl pyrophosphate to the end product, ergosterol, is unique to yeast, and six of the genes required for this pathway (ERG1, ERG11, ERG25, ERG26, ERG3, and ERG5) are represented in these results (Tables 1 and 2) .
To validate the GeneFilters expression data, ERG gene ex- pression was measured by Northern blotting with the total RNA that was analyzed in the genome-wide expression analysis. The ERG10 gene was used as an example of high induction (26-fold), and for lower induction, the ERG3 gene (threefold) expression was measured. The transcript levels of each gene were of similar intensities in the first hour and were induced compared to their expression in the 23rd h (Fig. 1 ).
The differences in fold changes in induction appear to be the result of the very low expression of ERG10 in the 23rd h (Fig.  1 ). These expression patterns correlate with the genome-wide expression profile validating the results for these genes.
To confirm that induced ERG gene expression in the initial hour of fermentation corresponded with an increase in ergosterol levels, the sterol content of cells harvested during the first 23 h of the pilot-plant fermentation was measured by sterol extraction and reversed-phase HPLC. Figure 2 shows that the cells initially pitched into the fermentation were depleted of ergosterol (time zero). Consistent with induced gene expression, the ergosterol levels increased significantly over the first hour of fermentation and began to plateau around the sixth hour (Fig. 2) .
Ergosterol is an essential requirement for optimal metabolic activity. To examine the importance of ergosterol for yeast metabolic activity, we monitored the gas production of strains deleted for the genes ERG6, ERG3, ERG5, and ERG4, which encode the enzymes catalyzing four of the last five steps of ergosterol synthesis. It was evident that all deletion strains producing altered sterols were delayed in gas production compared to the wild-type strain (Fig. 3) . In the mutants, gas production was delayed to the greatest extent in the strain containing the ⌬erg6 mutation (the earliest in the ergosterol biosynthetic pathway). The delay was between 6 to 9 h, and the gas production rate was lower than that of the wild-type strain. Gas production was also delayed in the ⌬erg3 mutant, and although not as pronounced as in the ⌬erg6 mutant, its gas production was delayed between 3 and 6 h.
Deletion of the last two steps in the biosynthesis of ergosterol appeared to be less deleterious to gas production. The ⌬erg4 and ⌬erg5 mutants showed a delay in gas production of around 1 to 2 h; however, the rate of gas production was the same as that of the wild type (Fig. 3) .
Oxidative stress response during the initial stages of fermentation. The remaining categories found to be functionally enriched in the initial stages of the fermentation were (i) redox homeostasis and (ii) cell rescue, defense, and virulence. Both of these categories contain genes that are involved in mechanisms that protect the cell against oxidative stress ( Table 2) . The TRX2 gene encodes the cytosolic form of thioredoxin that is involved in reducing protein disulfides (37) . Thioredoxin can also be used as the hydrogen donor for organic peroxide re- TSA2 TTR1 TRX2 AHP1 GSH1 GPX2 SED1 UTH1 SSA1 TIP1 HOR2 PDR1  CTT1 GRR1 LYS7 MCM1 ZDS1 CRZ1 TIR4 SSE1 ERG5 ERG11 a Gene functions were identified by addressing the GO and MIPS databases with the FunSpec statistical evaluation program. b Probability of the functional set occurring as a chance event.
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duction by the thiol peroxidases encoded by the TSA2 and AHP1 genes (42) . Subsequently, the TRR1 gene product, thioredoxin reductase, reduces the oxidized thioredoxin produced from these reactions (10). The glutaredoxin gene (TTR1) encodes an oxidoreductase that has considerable functional overlap with thioredoxin. It has been shown to reactivate a number of oxidized proteins as a result of thiol oxidation (58) . However, unlike thioredoxin, glutaredoxin is recycled to its reduced form by the oxidation of glutathione (GSH) to its oxidized form, GSSG (27) . This correlates with gene expression results indicating an increase in GSH production. Cysteine is a vital component of GSH synthesis, and the genes involved in its high-affinity transport (MUP1) (32) and synthesis from homocysteine (CYS3 and CYS4) (40, 41) were up-regulated in the first hour ( Table 1) . The next step in GSH production involves the GSH1 gene (sixfold induction; Table 1 ), whose product catalyzes the first and rate-limiting step in the biosynthesis of GSH (39) .
Kinetic response in gene expression during the initial fermentation period.
To analyze the gene expression kinetics of the ergosterol and oxidative stress responses, the transcript levels of ERG10 and TRR1 were measured over the initial 24 h of a full-scale factory lager fermentation (500,000 liters). Northern blot analyses showed that the ERG10 and TRR1 genes were induced in the first hour of the fermentation, as found in the genome-wide expression analysis (Fig. 4) . The level of induction for both genes peaked around 1 h and gradually decreased until no induction was evident around 6 h (Fig. 4) . These results highlight the similarity in the gene expression responses of ergosterol biosynthesis and oxidative stress response genes. Altered sterol production renders yeast cells hypersensitive to oxidative stress. The contribution of ergosterol to protecting cells from oxidative stress was determined by measuring the sensitivity of ergosterol biosynthesis mutants (⌬erg3, ⌬erg4, ⌬erg5, and ⌬erg6) to constant exposure to oxidative stress. When challenged with a range of oxidants, the ability of the cells producing altered sterols to grow was severely reduced (Fig. 5) . The sensitivity of the mutants was relatively high to the organic hydroperoxide (cumene hydroperoxide) and the thiol oxidant diamide (Fig. 5) . The strains were sensitive to hydrogen peroxide and superoxides but to a lesser extent than to the other oxidants (Fig. 5) . The ability of the ⌬erg6 mutant to grow on YPD was lower than those of the wild type and other mutant strains (Fig. 5) . This slow growth is consistent with the long delay in producing gas when inoculated into wort (Fig. 3) . The ability of this strain to grow was impeded even further when oxidants were present (Fig. 5) .
DISCUSSION
The purpose of this genome-wide expression analysis was to determine the feasibility of using GeneFilters in the identification and classification of genes that are responsive in industrial lager fermentations. This approach gave an overview of genes that were responsive in the first hour of fermentation compared to the 23rd h. The 33 P signal intensity distribution pattern for gene expression was similar to that of Yale and Bohnert (67) ; however, overall levels of expression were slightly lower, resulting in a higher number of genes with background intensities. Previous results have shown that signal intensities produced using total RNA isolated from laboratory strains grown under laboratory conditions are higher than those for industrial strains (25) . This probably reflects the different nature of total RNA isolated from industrial strains experiencing harsh industrial conditions. Similar experiences have been reported when RNA is isolated from yeast under starvation conditions (22, 64) . While this may have led to changes in expression of some genes not being identified, over 100 genes were clearly induced in the first hour of the fermentation (Table 1) . Independent verification of the data by Northern analysis and the statistically significant presence of the ergosterol biosynthesis and redox maintenance gene clusters confirmed the validity of the results.
Apart from the nine genes encoding proteins directly involved in the ergosterol biosynthesis pathway, genes implicated indirectly in its biosynthesis were also induced. The ROX1 gene encodes a transcriptional regulator that represses the expression of a number of hypoxic genes, including ERG11 and OLE1 (69) . These genes were highly induced in the initial stages of the fermentation, and the reason for induction of ROX1 could be to modulate their high level of expression. Another gene that has been linked to sterol metabolism is the NADPH dehydrogenase encoded by OYE2 (57) . Although many of the steps of ergosterol biosynthesis require NADPH dehydrogenase activity, the specific manner in which Oye2p is involved in sterol metabolism is unknown. The sterol pathway also produces farnesyl pyrophosphate, an intermediate that is the starting point for synthesis of several essential metabolites, including heme (62) . The first step of this pathway is catalyzed   FIG. 3 . Effect of ERG mutations on the metabolic activity of BY4743 yeast cells. Cells were stored for 2 days, acid washed, and pitched into industrial-grade wort. Metabolic activity was monitored as the amount of gas produced. Shown are results for wild-type strain, BY4743 (छ), and the ⌬erg6 (ᮀ), ⌬erg3 (‚), ⌬erg5 (E), and ⌬erg4 (X) mutants.
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by a 5-aminolevulinate synthase encoded by the HEM1 gene (61), which was induced under these conditions. Deletion of this gene results in a mutant that is unable to produce ergosterol and requires its addition, as well as a source of unsaturated fatty acid and cysteine to support growth (24, 35) . This is not surprising, since heme is required for the enzymatic activities of Erg3p, Erg5p, Erg11p, and Ole1p (43, 59) , highlighting the possible importance of heme biosynthesis in the initial fermentation period. The induction of the ergosterol genes resulted in increased cellular ergosterol levels from the initial depleted levels (Fig.  2 ). This correlated with previous results showing that cells entering industrial fermentations are depleted for ergosterol (9) and that, in the presence of oxygen, ergosterol starvation induces expression of the early ERG genes (19, 52) . Ergosterol has been shown to have vital functions in Saccharomyces cerevisiae cells affecting membrane fluidity and permeability and providing the "sparking function" that is thought to be involved in the progression into the G 1 phase of the cell cycle (5, 15, 33) . It has been proposed that the steps catalyzed by Erg3p and Erg6p are essential for the sparking function (15, 34, 50) . Here, the ⌬erg3 and ⌬erg6 mutants showed slower rates of metabolic activity than the other erg mutants tested (Fig. 3) , similar to the decreased growth rates found by Palermo et al. (45) and Welihinda et al. (63) .
The up-regulation of genes in the first hour of fermentation involved in the thioredoxin and GSH cell functions was a strong indication that the cells were experiencing an oxidative stress response. The similarity in kinetics of induction of the ergosterol and oxidative stress response genes pointed to a possible interaction between these two cell functions (Fig. 4) . This interaction was confirmed with results showing that yeast mutants unable to produce ergosterol were hypersensitive to oxidative stress (Fig. 5) . This is consistent with observations by Bammert and Fostel (4) that perturbation of ergosterol biosynthesis heightened an oxidative stress response in S. cerevisiae. Additionally Schmidt et al. (51) suggested that proper ergosterol biosynthesis may be involved in cellular protection against oxidative stress, since ⌬erg3 mutants are sensitive to paraquat and H 2 O 2 . This relationship may also explain why the ⌬erg4 and ⌬erg5 mutants had a lag in the onset of metabolic activities but no change in the final rate of gas production compared to the wild type (Fig. 3) . This indicates that the altered sterols [ergosta-5,7,22,24 (28)-trienol and ergosta-5,7,24 (28)-trienol] produced as a result of the ERG4 and ERG5 deletions can efficiently replace the ergosterol requirement for metabolic activity. Palermo et al. (45) also showed that these erg mutants had a lag in growth but a growth rate similar to that of the wild type. The lag for these erg mutants may reflect the decreased ability to adapt efficiently to the oxidative stress encountered when cells are placed into industrial wort. These observations concerning changes in expression of ergosterol genes and its production are very relevant in the industrial context. For example, there is a difference in growth rate between erg mutants and the wild type, which was greater when the sugar concentration of the medium was increased from 2% to 5% (45) . This apparent osmotic stress effect implies the involvement of ergosterol in osmotolerance, and it may therefore be a factor in the success of high-gravity brewing techniques. This is further highlighted by genetic analyses showing that high osmolarity represses the expression of genes involved in the production of sterols (ERG3, -6, -11, and -25) and unsaturated fatty acids (OLE1) (48) . The addition of sterols and unsaturated fatty acids has also been shown to provide cells with protection against the stresses caused by acid washing and pitching into high-gravity fermentations (11, 13) . Sterol management and osmotolerance may also be implicated in the observed reduction in yeast longevity. When yeast cells are repitched from very-high-gravity fermentations, it has been shown that there is a decrease in viability over the first 12 h of fermentation with elevated wort gravity (12, 14) . Oxygenation of wort at pitching is important for sterol and lipid metabolism, yeast performance, and beer flavor (28) . The vital importance of oxygenation for ergosterol and unsaturated fatty acid synthesis is highlighted by the observation that the requirement for oxygen disappears when these compounds are added to wort (11, 13) .
The presence of oxygen can also cause the production of reactive oxygen species (ROS) within yeast, causing damage to cellular components (56, 66) . These results emphasize the importance for tight control of aeration in industrial fermentations. High levels of oxygen caused by overaeration can decrease the expression of ERG11 (ergosterol biosynthesis) and OLE1 (unsaturated fatty acid synthesis) to very low levels (68) , further escalating the effects of oxidative stress. Using electron spin resonance methods, Uchido and Ono (60) found that the oxidative capacity of the final beer product was highest following fermentation regimes using lower oxygen levels during the initial stages of the fermentation. Apart from oxygenation regulation, high-gravity brewing techniques have the additional problem of decreased ergosterol biosynthesis due to high osmolarity. Perhaps this problem could be reduced by a modification of the procedure described by Devuyst et al. (18) . Preincubation of cropped yeast in low-oxygenated wort with a low concentration of sugar before pitching would provide a yeast higher in sterol and unsaturated fatty acid levels and subsequently better able to endure the rigors of high-gravity wort brewing.
Here we have shown that yeast gene expression measured by genome-wide expression analysis during industrial fermentation processes can provide an effective way to identify and monitor conditions that have a relevant effect on yeast performance and hence fermentation efficiency. FIG. 5 . Effect of ERG mutations on the ability of BY4743 yeast cells to respond to oxidative stress. Cells were grown to the stationary phase, diluted to the indicated optical density at 600 nm (OD 600 ), and applied as spots to YPD plates containing the indicated oxidants. Plates were photographed after 2 days of growth at 30°C. Shown are results for the wild-type strain, BY4743 (column 1), and the ⌬erg3 (column 2), ⌬erg4 (column 3), ⌬erg5 (column 4), and ⌬erg6 (column 5) mutants.
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